Proteins assays are important in both analytical biochemistry and clinical tests. The common quantitative methods, including Biuret, 1 Bradford 2 and Lowry 3 assays, are spectrophotometric or spectrofluorometric tests through the binding of proteins with organic dyes, where color changes should be observed. However, most of these methods suffer from the disadvantages of low sensitivity and selectivity. Therefore, these dyes, whose interactions with proteins fail to display color changes, are limited for the spectrophotometric and spectrofluorometric assays of proteins.
The role of the charge-coupled chromophore, however, is much more complicate and it needs further studied. Besides the negative charges on the molecular structures, the pH and ionic strength of the medium that determines the positive charges of protein molecules, depending on the isoelectric points, have a strong effect on the enhanced RLS intensity. In this work, we studied the interaction of proteins with Fast Green FCF (FCF), and tried to elucidate the roles of the charge-couple played in the dye-protein interaction.
FCF is an anionic triarylmethane dye (molecular structure in Fig. 1 ), acting as a fluorophore for the visualization of the acidophilic cell and tissue structures, 11 and for the determination of tamoxifen citrate. 12 Herein we report on its interaction with proteins based on RLS measurements where color changes of the dye upon binding to proteins are scarcely observed. It was found that the enhanced RLS intensity of FCF by trace amounts of proteins at 279.0 nm is proportional to the concentration of proteins below 4.0 µg/ml. Although organic dyes, including azo, triphenylmethane and porphryins, have been reported as being used for the determination of proteins of nanogram, the present protein assay using FCF has a much higher sensitivity than that of the reported RLS methods. 9,10,13-24
Experimental

Apparatus
The RLS spectra and intensities were recorded and measured with a Hitachi F-2500 spectrofluorometer (Tokyo, Japan), while the absorption spectra were obtained using a Tianmei 850 spectrophotometer (Hong Kong, China). An S-10A digital pH meter (Xiaoshan Scientific Instruments Plant, Zhejiang, China) was used to measure the pH values of aqueous solutions, and an MVS-1 vortex mixer (Beide Scientific Instrumental Ltd., Beijing, China) was used to blend the mixtures.
Chemicals
Stock solutions of proteins were prepared by dissolving commercially purchased proteins in doubly distilled water. The concentration of the working solution was 25.0 µg/ml by diluting the stock solutions. The proteins used in this study are involved in bovine serum albumin (BSA; Beitai Biochemical Co., Chinese Academy of Sciences, Beijing, China), human serum albumin (HSA; Sigma, St. Louis, MO, USA), pepsin (Pep; Fangcao Medical Industrial Co., Shanghai, China), α-chymotrypsin (Chy; Shanghai Chemical Reagent Distribution Co., Shanghai, China), lysozyme (Lys, Shanghai Institute of Biochemistry, Shanghai, China). A 1.0 × 10 -4 mol/L working solution of Fast Green FCF (FCF, Shanghai Chemical Reagents Co., Shanghai, China) was prepared by dissolving the crystals into doubly distilled water.
A Britton-Robinson buffer solution (pH 4.10) was used to control the acidity of the interacting medium, while a 1.0 mol/L NaCl solution was used to adjust the ionic strength of the aqueous system. All reagents were of analytical grade and were used without further purification. The water used throughout was doubly distilled.
General procedures
Into a 10-ml calibrated flask were added 1.0 ml of a Britton-Robinson buffer solution, a 1.0 ml FCF solution and a 0.6 ml NaCl solution, vortexed. After an appropriate working solution or sample solution of proteins was added, the mixture was vortexed again, then diluted to 10 ml with doubly distilled water, and at last mixed thoroughly. All RLS measurements were made against a blank solution treated in the same way without proteins. RLS spectra were obtained by scanning simultaneously the excitation and emission monochromators of the F-2500 spectrofluorometer from 220.0 to 600.0 nm with ∆λ = 0 nm. Both the excitation and emission slit widths were kept as 5.0 nm. The RLS intensities were measured with both excitation and emission monochromators being set at 279.0 nm.
Samples
Two fresh human urine samples were employed in order to test the proposed method. Mixtures of 10.00 ml of each fresh human urine sample, supplied by donors of our lab, with 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 ml of 250.0 mg/ml standard HSA working solution, were diluted to 25.00 ml with doubly distilled water. Then, 1.00 ml samples of the diluted mixtures were finally respectively transferred into different 10-ml calibrated flasks for sample determinations.
Results and Discussion
Features of the RLS spectra Figure 2 displays the RLS spectra of FCF, BSA and the mixture of FCF with BSA, respectively. Both FCF and BSA have rather weak RLS signals when they exist separately in the buffer solution over the scanning wavelength range of 220.0 -600.0 nm. However, strong RLS signals can be observed for their mixture of FCF and BSA with the maximum RLS peak being located at 279.0 nm. This indicates that interactions between FCF and proteins have occurred. Enhanced RLS shoulder peaks at 319.5, 367.5, and 439.5 nm can be observed. These enhanced RLS signals were found to increase with increasing protein concentrations (Fig. 2) .
Compared to the absorption features of the interaction of FCF with BSA, the enhanced RLS signals are very significant. As Fig. 3 shows, FCF has three absorption bands characterized at 303.0, 421.0 and 624.0 nm. The addition of BSA does not lead to any wavelength shift for the characteristic absorption band, and only displays a weak hypochromic effect. In the 300 -500 nm region, weak hyperchromic absorption can be obtained. It is obvious that the weak increase of the absorption in the 300 -500 nm regions cannot be used for determining BSA with high sensitivity. Comparatively, enhanced RLS signals, as Lys) display similar interacting features with FCF, except for the RLS intensity varieties. The hypochromic effect of proteins on FCF is much similar than that of FCF in the presence of a high concentration of NaCl. As Fig. 4 shows, the absorption of FCF in the range of 270 -550 nm increases at the price of the absorption of FCF in the 624.0 nm band, forming two isobestic points at 606.3 nm and 637.6 nm, respectively.
This evidence shows that aggregation species of FCF can be formed, and result in strong RLS signals (Fig. 5) . By comparing the RLS shapes of Figs. 2 and 5, and the absorption features of Figs. 3 and 4, it can be concluded that the interaction of FCF with proteins ( Fig. 2) is similar to the aggregation of FCF in a high NaCl medium (Fig.  5) , forming large particles and resulting in strong RLS signals. 4, 7 Optimization of the general procedures As stated above, the strongly enhanced RLS signals obviously result from the interactions between FCF and proteins. The interactions, however, were found to strongly depend on the pH and ionic strength of the aqueous solutions. As Fig. 6 shows, the optimal pH value is 4.10 for the binding of FCF with BSA (pI0 = 4.9) 25 and HSA (pI0 = 4.7 -4.9). 25 When pH is near to the isoelectric points (pI0) of the two proteins, the RLS intensities decrease instantly. In such an aqueous medium of pH near to the pI0 values, both HSA and BSA are electro neutral. It is thus possible that the enhanced RLS signals indicate that the interaction of FCF with both HSA and BAS proceeds through electrostatic attraction, and that the hydrophobic interaction is very weak. On the contrary, it is hard to find an appropriate pH value for the interaction of Chy (pI0 = 8.1) 25 with FCF in the tested pH range, since the RLS signals decrease with a pH increase, and the Pep-FCF interaction displays very weak RLS signals.
It is worth noting that the enhanced RLS signals of FCF by Lys (pI0 = 11.0 -11.2) 25 seem to have little dependence on the pH variation in an acidic aqueous medium. When the pH is higher than 7.24, both FCF and FCF-Lys begin to display a color change with a pH increase. That probably results from deprotonation of the hydroxyl group of FCF (we measured the pKa value being 8.89 at 25˚C in a solution of ionic strength of 0.01). Correspondingly, the RLS intensity of the FCF-Lys mol/L. Concentrations: FCF, 1.0 × 10 -5 mol/L; BSA, 2.5 µg/ml. pH 4.10; ionic strength, 0.0644 mol/L. β mixture begins to decrease with a pH increase (the inserted curve in Fig. 6 ), which is evidence of the idea that the FCF-Lys interaction depends on the molecular structure of FCF. It is interesting that the RLS intensity of the FCF-Lys interaction begins to increase again if the pH is higher than 8.69, and reaches the maximal RLS intensity at pH 10.38, and then decrease once more. It is thus obvious that the FCF-Lys interaction is related to the isoelectric point of Lys. From the pH dependence of RLS on the variety of proteins, it is concluded that the interaction of FCF with proteins at least depends on the positive charges of the proteins and the stereo structures of the proteins.
Testing the effect of ionic strength can further prove the role of the charges played in the interaction of the two components. As Fig. 7 shows, when the ionic strength is 0.0644 mol/L, the enhanced RLS intensities of the interaction between FCF with BSA, HSA and Lys are strongest, while for the interaction of FCF with Chy, the RLS intensity decreases along with an increase in the ionic strength. Thus, the different RLS features indicate that the interactions of FCF with these proteins are strongly dependent on the molecular structure and molecularweight variation. In this study, we chose an ionic strength of 0.0644 mol/L.
It is worth noting that the addition sequence of reagents gives different RLS data, and that the strongest intensity can be obtained only if FCF vortexed or proteins at first with buffer. It is easy to understand that the vortex of proteins at first with dyes is not beneficial to the interaction of FCF with proteins, since the pH of the aqueous medium in such a case is near to 6, and decrease the effective positive charge of the interaction system. In addition, it was found that the FCF-protein interaction can proceed rapidly at room temperature (<5 min), and that the RLS intensity is stable for at least 5 h.
Tolerance of foreign substances
We tested the effect of foreign substances on the determination by pre-mixing BSA with interfering substances, including metal ions, amino acids, carbohydrates, and surfactants. As Table 1 shows, common metal ions in fluids, such as Ca 2+ , Mg 2+ , and K + , can be allowed with high concentrations, whereas ions, such as Hg 2+ can be allowed only at very low concentration levels. However, diluting with water can minimize all interference in the analysis of fluids, such as human urine samples. In addition, surfactants and amino acids, particularly Gly and DL-Thr, can be allowed at relatively high concentration levels.
Calibration curves
According to the general procedures, the relationships between the enhanced RLS intensity and the concentration of 180 ANALYTICAL SCIENCES FEBRUARY 2002, VOL. 18 Reference σ α β γ α β γ δ α β γ δ δ proteins were obtained. It can be seen from Table 2 that the FCF concentration has strong effects on the linear range and the sensitivity (slope of the linear regression equation). With increasing FCF concentration, the linear relationship range is extended. As Table 2 shows, different proteins have different responses. Of those proteins investigated, Lys has the strongest response, while Pep has rather weak responses.
We now consider the sensitivity of the present assay. As Table 3 shows, the present method is much more sensitive than the reported RLS methods using other organic dyes, including azo, triphenylmethane, and porphrins. [9] [10] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] It was reported earlier [4] [5] [6] that enhanced RLS intensity mainly depends on the electrical properties of the individual chromophores, the strength of the electrical interaction between the chromophores and biomolecules, and the size of the thus-formed complex. Sometimes, the above-mentioned factors exert simultaneously effects, but sometimes one factor may display more significant than others. 10 The RLS responses given in Table 2 (the sensitivity of the method, namely the slope values of these regression equations) do not show a positive correlation with the molecular weight of proteins; thus the size is not a dependent factor for the interaction of FCF with proteins. 10 The features of the pH and the ionic strength display here that the interaction of FCF with proteins mainly depends on the electrical properties of the individual chromophores, the strength of the electrical interaction between the chromophores and proteins. Figure 8 displays the determination results of human urine samples by using standard addition method, where HSA was used as the standard. It shows that the contents of albumin in human urine samples are in the range of normal human urine, which indicates the practical potentiality of the present method in clinical tests. It is worth noting that if the dilution of the fresh human urine samples is not sufficient, a white suspension is possibly observed, and the determination will then not give a correct result. In such a case, further dilutions of fresh human urine samples are necessary.
Sample determination
The results of Fig. 8 show that the present assay of proteins by using FCF, compared with the three commonly used methods, [1] [2] [3] (and even other RLS methods using dyes, such as azo, triphenylmethane and porphrins) are simple, sensitive and reproducible. Furthermore, the present assay does not involve very complicated operations.
